Important track degradation occurs in structure-embankment transitions, in which an abrupt change in track vertical stiffness arises, leading to a reduction in passengers comfort and safety. Although granular wedges are suggested by different railroad administrations as a solution to avoid these problems, they present some disadvantages which may affect track long-term performance. In this paper, a new solution designed with prefabricated reinforced concrete slabs is proposed. The aim of this solution is to guarantee a continuous and gradual track vertical stiffness transition in the vicinity of structures, overcoming granular wedges disadvantages. The aim of this study is to assess the performance of the novel wedge design by means of a 3-D FEM model and to compare it with the current solution.
INTRODUCTION
In recent years, railways transport has suffered huge changes: the operational speed of trains and the loads hauled by them have been increased, and there has appeared a need to improve passengers' comfort, to reach higher safety levels and to reduce maintenance costs. In railroad networks, there are some singular areas where these previous aspects are more critical. An example of these areas are the transition zones, such as bridge approaches, road crossings, ballastless to ballasted tracks changes, culverts and tunnels. In these scenarios, track degradation is faster and maintenance costs result disproportionate, as stated by Li and Davis (2005) , Teixeira (2003) , Liu and Zhao (2013) and Shi et al. (2013) . Within this context, Hyslip, et al. (2009) indicated that more than $110 million per year and more than $200 million per year were spent in Europe and USA, respectively, on track maintenance in transition zones. From these statements, it may be concluded that an extensive study of the performance of these areas is of utmost importance to minimize their deterioration and to optimize maintenance works. Thus, in this paper, the transition areas placed in the vicinity of structures has been assessed.
As reported by Coelho et al. (2011) , three causes may be responsible of the effects located in transition areas: (1) sharp track vertical stiffness variation between a track section built over an embankment and the adjacent section built over a structure, (2) relative settlements of the abutment soil and (3) geotechnical defects. It must be noted that these three causes are not independent.
Furthermore, track differential settlements may cause significant increases on the accelerations registered inside of the vehicles, which should be avoided for the sake of passengers' comfort. Regarding the safety, sudden changes in the vertical track stiffness induce the damage of trains and infrastructures, which could lead to a serious risk of derailment (Insa et al. (2012) ). Teixeira (2003) insisted on the need to limit the value of the track vertical stiffness in order to control these adverse effects in railway lines. In this study, a range of allowable stiffness was proposed: the maximum value depended on the safety and maintenance costs while the minimum was set by traction energy dissipation. Moreover, López et al. (2004) proposed an optimum range for track the vertical stiffness considering, on the one hand, the tamping and alignment operations costs and, on the other hand, energy expenditures in high-speed railroad networks.
According to the causes of damages in transition areas stated by Coelho et al. (2011) , in the current study good compaction, good consolidation and good drainage of the soils have been supposed. Thus, the present paper is focused on: (1) the abrupt changes in track vertical stiffness and (2) the differential settlements, as the main cause of transition deterioration. As stated by Gallego et al. (2011) , sudden changes in track vertical stiffness induce variations in the dynamic overloads generated in the rail-wheel contact and then transmitted to the track, so as enhancing the appearance of differential settlements in said section. The magnitude of the changes in dynamic loads depends on the train speed, the ratio between stiffness values, the soil damping and the transition length (Insa et al. (2012) ). Moreover, differential settlements contribute to an increase of the dynamic overloads as the train passes over them, as indicated by Gallego et al. (2012) , thus generating a cyclical process of track damage.
Nowadays, most railway administrations recommend the implementation of granular wedges in these singular points in order to obtain uniform and continuous variations of the vertical track stiffness from the embankment to the rigid structure and vice-versa. Nevertheless, there is not a standardized design of these granular wedges and each railway administration recommends different methods, as can be seen in leaflet 719R of the Union Internationale Des Chemins De Fer (UIC 1994) . In Spain, transition wedges are commonly built with technical blocks, being these blocks built with backfill elements behind the structure abutments with highly compressed materials or with granular materials treated with cement, as recommended by the IGP08 (2008).
Moreover, along the technical literature some additional measures to reduce variations of stiffness have been proposed by authors as Soriano et al. (1991) , Li and Davis (2005) , Gallego and López (2009 ), Coehlo et al. (2011 ), Insa et al. (2012 and, furthermore, in the IGP08 (2008) and UIC-719R (UIC 1994). These supplemental measures are:
 Approaches slabs.  Soft pads under the rail on structure zone.  Rubber under ballast mat on structure zone.  Wooden or plastic ties on the stiff side of the transition.  Under sleeper pads on the stiff side of the transition.  Reductions of sleeper spacing or the use of extra-wide sleepers on the soft zone.  Two additional rails in the vicinity of the structure.  Geosintetics to reinforce the soil in abutments.  Stone columns or piles to reinforce the foundation and geogrids to reduce ballast settlements.  Treatment with cement of the track bed layer and the subballast layer.
It is important to point out that granular wedges present some disadvantages: important economic costs related to the granular material transportation, long periods of execution, difficult quality control in the final product and influence of climatic conditions which can affect the construction process. All these disadvantages could result in an undesirable poor long-term behavior of the granular wedge. With the aim of avoiding these disadvantages, a new transition wedge design, made by prefabricated slabs, will be proposed and its performance assessed.
Since the main objective of this study is to assess the vertical behavior of this novel transition design a 3-D dimensional numerical model has been developed to reproduce its performance. Then, the current paper is structured as follows: first of all, the new transition design will be described; then, the numerical FEM model developed to assess its behavior will be presented and, afterwards, results will be presented. Finally, conclusions will be drawn.
NEW TRANSITION WEDGE DESCRIPTION AND METHODOLOGY
In the present section, a new transition wedge design is presented, being its main goal to achieve a gradual vertical stiffness variation in the vicinity of structures. Novel transition wedges are made by prefabricated reinforced concrete slabs, whose dimensions are adaptable so as to fit with the needs of each particular situation (Figure 1 ). The reinforced concrete slabs have been considered stacked properly, one above other, to build the transition wedge, and they must be aligned with the structure abutment and supported on a competent stratum. A wide range of configurations is allowed with this solution since it is possible to increase the number of floors of precast slabs in each case.
The dimensions of transition wedge are set depending on the vertical track stiffness variation existing in each single case. One example of the proposed transition wedge can be seen in Figure To assess the performance of the novel design, it has been compared to the ones proposed by the Spanish regulation IGP08, which divide the types of transitions in four groups depending on the distance between the top of the structure and the bottom of subballast layer (H), as depicted in Figure 3 .
In order to achieve a continuous transition of stiffness between both stretches -over the structure and over the embankment -different granular materials are commonly used in technical blocks to build the wedge. The slopes of these technical blocks are detailed in Figure 3 , where ballast, subballast and formation layer are respectively designated as B, SB and TB. Granular materials used in these transition wedges are granular material treated with cement (MT), granular material (MG) and the common material used in the embankment. (2008) In this investigation, a total of eight cases have been studied. As detailed in Furthermore, two different prefabricated wedge configurations have been considered depending on the analyzed case. The wedge shown in Figure 4 has been used for the Case 7, in which the distance between the top of the structure and the bottom of the subballast layer is higher than 2m: In all the precast cases, the top part of the wedge and the structure are at the same level, and the connection between both elements has been performed by a hinge, whose location is depicted in The study of both transition wedges and the comparison between them has been performed by means of eight three-dimensional numerical models, one for each considered case. Finite elements method has been adopted since it allows studying the track as a complete system considering different elements, material and boundary conditions, as reported by Ministerio de Fomento (1999) . Moreover, this method has been successfully used in lots of railway investigations, as in Gallego and López (2009) , Gallego et al. (2011 ), Real et al. (2012 and Molatefi and Izadbakhsh (2013) . Two examples of the numerical models constructed in this research are shown in Figure 7 . Comparison between granular and precast concrete transition wedges has been developed in terms of vertical displacements of the rail top. To do so, first of all, the optimium Young's modulus of the soil, over which the new solution is placed, is obtained for each studied case. Then, since bearing capacity of the support soil needs to be improved in Cases 5, 6 and 8, a concrete pile system has been proposed and its implementation detailed. The pile system has been chosen instead of the use of granular material since its long-term performance does not fulfill the desired requirements, as stated in the introduction section.
As an example, a pre-design of the pile system in Case 8 has been carried out, where it has been assumed that all the piles withstand the same load, as can be observed in the results part. The procedure chosen to obtain the diameter and length of the piles is indicated by the Spanish Ministerio de Fomento (2011).
NUMERICAL MODEL
Numerical models have been developed to characterize all the studied cases and to compare their behavior. In the current section, these models will be detailed.
With regard to the geometry, a Cartesian coordinate system has been used in the numerical models. The transversal direction is represented by the x-axis, the vertical direction by the y-axis and the longitudinal direction by z-axis. The cross section is considered as a simple track with a symmetric axis at plane X=0 (Montalbán et al. 2013) . The length of the transition depends on H value (see Figure 3 ) and the height of the embankment (IGP08 2008). In this research, total model length is 46.5 meters, including 78 sleepers spaced 0.6 meters.
The cross section variables considered take typical values for high-speed railway tracks, as indicated in Ministerio de Fomento (1999) . Ballast, subballast, and formation layers are 40, 30 and 60 cm thick, respectively; shoulders are 50 cm length and the slopes are 3H:2V in the ballast layer and in the embankment.
An elastic, isotropic and lineal model has been assumed to characterize the rails, elastic pads, sleepers, common granular material, granular material treated with cement and soil material (Gallego and López 2009 , Shan, Albers and Savidis 2013 , Real et al. 2014 . The material parameters used in the models are shown in Table 2 .
All the elements of the track have been modeled taking into account the simplifications proposed in the Recommendations by Ministerio de Fomento (1999) . A parallelepiped element is considered as a simplification to obtain an equivalent UIC 60 rail in which vertical inertia (X-axis) is equal to vertical inertia of the real one (Montalbán, et al. 2014b ) (see Figure 8) . The rail pad is modeled with new dimensions to be compatible with the rails and sleepers geometry and ensuring that the vertical stiffness is equivalent to the vertical stiffness provided by the manufacturer. For this purpose, the rail pad surface is equal to the contact surface between the rail and the sleeper and the rail pad thickness is considered equal to 50 mm. Thus, the Young's modulus is modified to maintain the compressive stiffness equal to the real one (Montalbán et al. 2013) . Finally, the sleeper is modeled as simplified parallelepiped elements (see Figure 9 ). The real cross sections variations are taken into account since the parallelepiped sleeper is implemented keeping the real longitudinal bending properties, like in Real et al. (2012) . The boundary conditions in the three directions are defined following Ministerio de Fomento (1999) and Montalbán, et al. (2013) . In this way, the bordering planes present perpendicular movement constrained. Moreover, the surfaces of the granular material slopes are completely free.
Additionally, tensional discontinuities appear in the contact between concrete and granular material due to their different stiffness. The sleeper-ballast contact zones have a high concentration of stresses. In order to model these zones, bounded degrees of freedom are used (Ministerio de Fomento 1999, Montalbán et al. 2014b) . Different nodes in the contact surface are introduced for each material. These nodes must move equally in the perpendicular direction of the contact plane while the movement in the rest of directions is not coupled (Gallego and López 2009 ). The link between granular materials is adherent and they share the nodes at the contact surface (Montalbán et al. 2014a) .
The load applied considers both the static load due to the vehicle passage and the dynamic effects induced by irregularities, in accordance with Montalbán et al. (2013) . Eisenmann's formulation is the method applied to take into account these overloads (López 2006 , Real et al. 2012 . This formulation is based on Eq. (1).
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In the calculation, the speed (v) is 250 km/h, the vehicles static load are 17 t/axe (Qn), the statistical security coefficient is t=2, corresponding to the percentile 95.5%, the track quality factor is s =0.2, due to the good conditions of the track. As a result of that, the amplified load considered value is 27.2 t/axle.
The load is considered as a distributed load regarding the pass of a train formed by 8 axles in a static analysis. This load is distributed on a total length of 70 sleepers (common high-speed train length). Distributed load is selected since a complete behavior of the transition area is studied.
The validation and calibration of the track model with the granular wedge and with the prefabricated one were carried out using real data of vertical deflections from transitions areas obtained from measurements campaigns.
RESULTS
Vertical displacements of the rail top obtained are presented in different sections. Firstly, vertical displacements of the rail are analyzed considering different Young's moduli of the support soil under the prefabricated wedges and compared to the results in granular wedges. After this comparison, the optimum Young's modulus for the supported soil is elected in each case. Secondly, a comparison of the vertical displacement of the rail top between the granular wedge and the new transition wedge with optimum Young's modulus of the support soil is made. The goal of this process is to test the behavior of these two types of wedges. Finally, a pile support system is elected. As an example, it is pre-designed for Case 8.
Vertical Displacements of the Rail Top
The main aim of this part is to compare vertical displacements of the rail top obtained with granular and prefabricated wedges. Different Young's moduli are considered in the support soil of the prefabricated wedges in order to determine the optimum for each prefabricated case.
In Figures Regarding Figures 10 to 13, vertical displacements change from about 1.6 mm in the track embankment to less than 0.8 mm on the structure. This variation denotes the sharp change in vertical track stiffness produced in the vicinity of structures. To solve this problem, granular wedges are commonly used. Granular wedges are able to distribute the sharp track vertical stiffness variation in high distances, as can be seen in Cases 1-4. It is important to know that these distances depend on the length of the wedge, which is determined by the type of the structure and the height of the embankment (Gallego and López 2009 ).
In addition, vertical displacements of the rail top over the new proposed wedge can be seen in Figures 10-13 . Different results are presented for the prefabricated wedge cases depending on the soil Young's modulus considered. With the results obtained, it can be deduced that higher values of Young's modulus cause lower displacements of the rail. Once these figures have been analyzed, the optimum value of the Young's modulus for the support soil is selected. It is chosen considering similar performance than granular wedges. This optimum value suggested for each case is shown in Table 3: Case Optimum soil Young's modulus (MPa)
Case 5 175 Case 6 150
Case 7 30
Case 8 175 The values presented in Table 3 have been estimated using a FEM model. The only purpose of this is to demonstrate that different support systems are required for some prefabricated wedges (Cases 5, 6 and 8) to achieve a global performance similar to granular wedges.
Comparison Between Granular and Prefabricated Wedges
The obtained vertical displacements of the rail top in granular and prefabricated wedges are compared in order to test the correct structural behavior of the new studied wedges. Only optimum Young's modulus proposed in the support soil is considered in each prefabricated case, as shown in next figures. It can be observed in Figures 14 to 17 that an adequate vertical displacement transition appears when the granular wedge is chosen. This transition is more continuous and uniform as H increases.
As indicated in said figures, the behavior of the granular wedge is improved in all cases since vertical displacements of the rail top are more continuous in prefabricated than in granular transitions. As can be observed, the vertical displacements of the rail top are different between the Cases 2-3 and Cases 6-7. It is due to the different granular materials located just on the rigid structure which modify the track vertical stiffness in this zone.
Support System
As shown in the results, the support soil must have an elevated Young's modulus with small H values. These results indicated that a support system is needed in the analyzed cases except in Case 7, in which the prefabricated wedge can directly rest on the soil. In this research, treated granular material is not considered as a possible solution to obtain the required stiffness under the prefabricated wedges. This solution is focused on providing a good long-term performance with prefabricated elements exclusively. Since this long performance cannot be guaranteed in the case of the granular materials treated with cement, the authors have not considered this solution.
After this consideration, a pile system is chosen as the option to support the prefabricated wedge in Cases 5, 6 and 8.
In this paper, the pile system proposed can be seen in Fig. 18 . In this step, the process to obtain the pre-design is indicated. Firstly, the total load resisted by the slabs and pile system (Ntotal) has been calculated. Secondly, the load endured by the pile system (Npiles) has been obtained. To calculate it, Eq. (2) has been used:
In this equation, Nslabs is the load supported by the slabs, Npiles is the load resisted by the pile system, so is the vertical displacement of the rail top considering a support soil with a Young's modulus equal to 30MPa and s is the vertical displacement of the rail top produced when the soil under the prefabricated wedge has the optimum Young's modulus. Finally, the load resisted by one pile (Npile) can be estimated dividing the Npiles per the total number of piles considered. The results obtained are shown in Table 4 The total length and the diameter of the piles can be analyzed considering the value of Npile; geotechnical characteristics of the existing soils beneath the wedge and the procedure indicated by Ministerio de Fomento (2011) . This procedure is based on the concept that the total load in a pile must be less than or equal to the total shaft resistance and the total toe resistance. This concept is indicated in Eq. (3) and it has been considered as the pre-design equation to obtain the length and diameter of the pre-designed pile.
(3)
In this equation, Npile is the load resisted for one pile, Nshaft is total shaft resistance and Ntoe is total toe resistance.
To obtain Nshaft and Ntoe, unit shaft and unit toe resistance must be calculated considering the geotechnical characteristics of the embankment soil and the natural soil. The embankment material is considered as a QS2 material and the natural soil characteristics are obtained applying the Standard Penetration Test (SPT) indicated in the UNE EN ISO 22476-3:2006 standard (2006) .
Considering the procedure indicated by Ministerio de Fomento (2011), unit shaft resistance in the embankment soil part is obtained by the Eq. (4):
In this equation, c is the material cohesion, is the thrust at rest coefficient, is the friction angle between pile and soil and is the vertical effective pressure at the considered level. Considering that the material cohesion (c) is equal to 10 kPa, is equal to 0.3 (Ministerio de Fomento 2011) and =66.667 kPa, the unit shaft resistance in embankment material is equal to 30 kPa.
After considering the embankment material, the foundation material is studied. The procedure based in the static penetration test indicated by Ministerio de Fomento (2011) is elected to obtain the unit shaft resistance and the unit toe resistance.
The unit shaft resistance is obtained by the Eq. (5) taking into account that there exists a clayey soil.
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Considering a unit SPT toe resistance ( ) by the static penetration test (UNE-EN ISO 22476-3:2006) equal to 3340 kPa, the unit shaft resistance in the foundation part is 66.8 kPa.
The unit toe resistance and total toe resistance is not considered since the strains are small and this resistance is not considered.
Different diameters are studied to obtain the length results shown in next figure: One possible solution for the pile system could be the use of 4 piles of 30 cm diameter and 6.6 m length, as can be deduced from Figure 19 . 
CONCLUSIONS
This paper presents a new transition wedge design formed by prefabricated reinforced concrete slabs. The special stepped shape of the novel wedge allows smooth track vertical stiffness transition values from one transverse section to another in the proximity of structures, as can be seen in the results section. The use of prefabricated elements minimizes the construction costs, reduce the periods of executions and achieve better quality control.
Finite element method has been used to demonstrate the appropriate vertical behavior, as in previous investigations López 2009, Shan, Albers and Savidis 2013) . Eight different cases have been developed depending on the H parameter and the type of wedge analyzed. Different numerical models have been used to study each considered case.
After the study, some remarks can be drawn:
 Granular wedges provide an interesting solution to avoid the sharp variation in vertical track stiffness in the vicinity of structures.  The new wedges proposed in this paper improve the performance of the commonly used granular wedges.  The improvement of the support soil bearing capacity could be necessary when H<2m. Thus, concrete pile system is the solution proposed to avoid the drawbacks of the use of granular natural materials and granular treated materials.  The pile system design depends on each considered case, and on the designer criteria. Montalbán, L., Zamorano, C., Palenzuela, C. and Real, J. (2014b Real, J., Gómez, L., Montalbán, L. and Real, T. (2012) . Study of the influence of geometrical and mechanical parameters on ballasted railway tracks design. Journal of Mechanical Science and Technology, 26(9), 2837-2844.
